We have investigated the activity and function of mitogen-activated protein kinase (MAPK) during neural specification in Xenopus. Ectodermal MAPK activity increased between late blastula and midgastrula stages. At midgastrula, MAPK activity in both newly induced neural ectoderm and ectoderm overexpressing the anterior neural inducer noggin was 5-fold higher than in uninduced ectoderm. Overexpression of MAPK phosphatase-1 (MKP-1) in ectoderm inhibited MAPK activity and prevented neurectodermspecific gene expression when the ectoderm was recombined with dorsal mesoderm or treated with fibroblast growth factor (FGF). Neurectoderm-specific gene expression was observed, however, in ectoderm overexpressing both noggin and MKP-1. To evaluate the role of MAPK in posterior regionalization, ectodermal isolates were treated with increasing concentrations of FGF and assayed for MAPK activity and neurectoderm-specific gene expression. Although induction of posterior neural ectoderm by FGF was accompanied by an elevation of MAPK activity, relative MAPK activity associated with posterior neural fate was no higher than that of ectoderm specified to adopt an anterior neural fate. Thus, increasingly posterior neural fates are not correlated with quantitative increases in MAPK activity. Because MAPK has been shown to down-regulate Smad1, MAPK may disrupt bone morphogenetic protein 4 (BMP-4) signaling during neural specification. Our results suggest that MAPK plays an essential role in the establishment of neural fate in vivo.
The initiation of neural development in vertebrates is governed by a combination of positive and negative signals that regulate commitment to neural fate and the establishment of anteroposterior neural pattern. Signals that induce and pattern the neural ectoderm are produced by the dorsal mesoderm (1) . In amphibian embryos, several lines of evidence indicate that neural fate is repressed by bone morphogenetic protein 4 (BMP-4) and anterior neural specification occurs via a reduction in signaling through the BMP-4 receptor (2, 3). Disruption of BMP-4 signaling via prolonged dissociation (4-7) or overexpression of a dominant-negative activin receptor (8, 9) or a dominant-negative BMP-4 (10) leads to neural specification in isolated ectoderm. BMP-4 represses neural specification and induces epidermis in dissociated animal cap cells (11) . Finally, the anterior neural inducers noggin (12) and chordin (13) act as BMP-4 antagonists, bringing about anterior neural specification via sequestration of BMP-4 (14, 15) . Increasing evidence that disruption of BMP-4 signaling is insufficient to initiate neural development in other vertebrate embryos (16) (17) (18) , however, suggests that additional signals regulating neural fate have yet to be identified. Activation of the fibroblast growth factor (FGF) receptorsignaling pathway can also initiate neural development and the establishment of posterior neural identity. Treatment of dissociated gastrula ectoderm with FGF leads to neuronal differentiation (19) and the establishment of posterior neural fate (20) . Moreover, FGF elicits posterior regionalization in presumptive anterior neural ectoderm (21) or ectoderm overexpressing noggin (22) . Disruption of FGF signaling via overexpression of a dominant-negative FGF receptor (XFD) has produced inconsistent results, e.g., although XFD overexpression in ectoderm can inhibit neural induction by noggin or endogenous signals (23) , uniform expression in germ-line transgenic embryos disrupts posterior regionalization (24) , although neural specification is not affected (25) . One explanation is that signaling pathways activated by exogenous FGF mediate the establishment of anteroposterior neural pattern; however, the endogenous signals activating these pathways are unknown (25) .
Because FGF signaling is mediated largely by the mitogenactivated protein kinase (MAPK) pathway (26, 27) , these studies suggest that MAPK may play a critical role in the specification of neural fate and anteroposterior pattern. In this paper, we show that overexpression of a MAPK antagonist prevents neural specification in response to endogenous signals. Moreover, quantitative increases in MAPK activity are not required for the establishment of increasingly posterior neural fates.
MATERIALS AND METHODS
Embryos, Microsurgery, and Microinjection. Preparation of embryos, tissue isolations, and explant recombinations were performed as described (28) . Stages refer to those of Nieuwkoop and Faber (29) . Capped RNA was prepared by in vitro transcription by using a mMessage mMachine kit (Ambion, Austin, TX) and linearized DNA as a template. Embryos were microinjected in each cell at the 2-cell stage via pressure injection of approximately 10 nl per blastomere. Isolates of animal cap ectoderm were held in very low Ca 2ϩ , Mg 2ϩ Ringer medium (VLCMR, ref. 22 ) before and during treatment with FGF or PD098059 (Calbiochem). PD098059 was administered in 0.1% dimethyl sulfoxide ϩ 0.05% BSA; control isolates were treated with dimethyl sulfoxide ϩ BSA alone. Cycloheximide was administered as described (30) .
MAPK Assays. Either 15 animal caps or 4 neural plates (approximately 100 g of total protein) were lysed in 20 l of kinase buffer (KB: 20 mM Hepes, pH 7.5͞40 mM MgCl 2 ͞1 mM EGTA͞1 mM dithiothreitol͞80 mM glycerol 2-phosThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
© 1998 by The National Academy of Sciences 0027-8424͞98͞9514833-6$2.00͞0 PNAS is available online at www.pnas.org. phate͞2 mM phenylmethylsulfonyl fluoride (PMSF)͞3 g/ml leupeptin͞50 mM NaF͞1 mM sodium orthovanadate͞1 M microcystin͞20 g/ml aprotinin) and centrifuged at 15 (33) . The lower half of the gel was subjected to autoradiography, and the upper half was blotted and probed with anti-MAPK (generously provided by J. Maller, University of Colorado Health Sciences Center, Denver, CO and J. Ferrell, Stanford University School of Medicine, Palo Alto, CA) and visualized by chemiluminescent detection. The intensities of the MAPK and phosphorylated substrate bands were quantified by using scanning densitometry. The ratio of phosphorylated substrate to the amount of MAPK present in a sample provides a measure of the relative specific activity of MAPK.
Reverse Tanscription-PCR (RT-PCR) Assays. RNA isolation and RT-PCR assays were performed as described in ref.
34 using the primers listed therein. PCR primers for XANF 1͞2 produce an amplified fragment of 451 bases and use the following sequences: U, ACT GAC CTA CAA GAG AGA AC; D, AGT GCA TCA TTG TTC CAC AG.
RESULTS
We developed an assay for MAPK activity that can be used to measure activity in as little as 25 g of protein from a cell lysate. The assay measures phosphorylation of a peptide that includes only the consensus MAPK phosphorylation site from Xenopus nuclear factor 7 (Xnf7; ref. 32) . The ratio of the phosphorylated substrate and the amount of MAPK present in a single reaction serves as a measure of relative specific activity. This assay is linear over at least a 16-fold range (data not shown). Phosphorylation of this peptide is primarily caused by MAPK with a minor contribution from cyclin B͞cdc2 kinase. Immunodepletion of MAPK and cyclin B͞cdc2 from Xenopus egg extracts removes all kinase activity directed against this site (32) .
As a control, we examined the effects of the MAP or extracellular-signal-regulated kinase (MEK) antagonist PD098059 (35) on relative MAPK activity in FGF-treated ectoderm (Fig. 1A) . PD098059 sequesters unphosphorylated MEK, preventing its activation, but has no effect on the activity of phosphorylated MEK. To confirm that phosphorylation of the Xnf7 substrate peptide is caused by MAPK activity, isolates of gastrula ectoderm were exposed to 50 M PD098059 before treatment with recombinant Xenopus basic FGF. Pretreatment of ectoderm with PD098059 before addition of FGF reduces the amount of phosphorylated substrate by nearly 90%. This result shows that this assay can be used as a conservative indicator of relative MAPK activity. Addition of PD098059 to lysates of FGF-treated ectoderm did not reduce the level of MAPK activity (data not shown).
We compared MAPK activity in ectoderm isolated at midblastula stage (stage 8), early gastrulation (stage 10), and midgastrulation (stage 11; see Fig. 1B ). Animal cap ectoderm was isolated from stage 8 and stage 10 embryos, whereas presumptive neural ectoderm was isolated at stage 11. Ectodermal MAPK activity increases approximately 5-fold between late blastula and early gastrula stages. By midgastrula stage, MAPK activity in the neural ectoderm is approximately 7.5-fold higher than that observed in midblastula ectoderm. Equimolar mixing of the lysates from ectoderm at stages 8 and 11 produced levels of MAPK activity that were within 10% of the mean value for the individual lysates, indicating the absence of an inhibitor of MAPK activity that can act in vitro (data not shown).
Embryonic dissection leads to a spurious activation of MAPK, although this effect is significantly lower in the animal cap than in the marginal zone (36) . Wound-induced activation can be avoided by dissecting tissues over ice. Because these experiments required dissection and prolonged culture before the MAPK assay, however, all dissections were performed at 23°C to preserve the viability of tissue isolates, and tissues were dissected carefully to avoid unnecessary wounding. The very low levels of MAPK activity observed in midblastula animal cap ectoderm suggest that any wound-induced MAPK activity has minimal effect on these assays.
To examine MAPK activity during neural specification, samples of newly induced neural ectoderm were isolated at stage 11 and assayed for MAPK activity together with animal cap ectoderm isolated at stage 8 and cultured until stage 11. MAPK activity is elevated Ͼ5-fold in newly specified neural ectoderm relative to uninduced ectoderm ( Fig. 2A) . Mixing of neural plate and aged animal cap lysates yielded a value for MAPK activity that was within 5% of the mean values of the two lysates (data not shown). These results indicate that whereas MAPK activity increases before gastrulation, endogenous neurectoderm-inducing signals are required to sustain elevated MAPK activity.
Similar experiments examined the effects of overexpression of the anterior neural inducer noggin on MAPK activity (Fig.  2B) . Animal cap ectoderm was isolated at stage 8 from embryos injected with 100 pg of either noggin or LacZ mRNA. The ectodermal isolates were cultured until sibling control embryos reached stage 11 and then were assayed for MAPK activity. Additional isolates were cultured until control embryos reached stage 15-16 and then were assayed by using RT-PCR to verify the induction of neurectoderm-specific gene expression by noggin. MAPK activity in midgastrula ectoderm overexpressing noggin is 5-fold higher than that of ectoderm expressing LacZ. Because noggin is a BMP-4 antagonist (14), these results suggest that signaling through the BMP-4 receptor leads to an inhibition of MAPK activity.
To investigate the role of MAPK in the response to neural induction, we overexpressed MKP-1 (37, 38) in ectoderm, recombined it with dorsal mesoderm, and examined neurectoderm-specific gene expression in the resulting recombinates (Fig. 3B) . MAPKs are the principal substrate of MKP-1, although MKPs also act on the MAPK-related Jun N-terminal kinases (39) . Embryos were injected with 4 ng of mRNA encoding either MKP-1 or a phosphatase-dead MKP-1 (⌬P-MKP-1). At late stage 9, the ectoderm was removed and recombined with involuted dorsal mesoderm from uninjected embryos at late stage 10.5 (28) . Recombinates were cultured until sibling controls reached late neurulation (stage 18) and collected for RT-PCR. Additional embryos overexpressing MKP-1 or ⌬P-MKP-1 were cultured until stage 10; animal cap ectoderm was then isolated and assayed for MAPK activity. MAPK activity was negligible in early gastrula ectoderm overexpressing MKP-1 (Fig. 3A) . Ectoderm with exogenous MKP-1 mRNA did not express several neural genes, including FIG. 2 . MAPK activity increases during neural specification. (A) MAPK assays were performed on animal cap ectoderm isolated at stage 8 and cultured until midgastrulation (AC 11), and midgastrula neural-plate ectoderm (NP 11). MAPK activity is Ͼ5-fold higher in newly induced neural ectoderm than in uninduced ectoderm at the same stage. (B) Embryos were microinjected with 100 pg per embryo noggin or LacZ mRNA at the 2-cell stage. Animal caps were isolated at the midblastula stage and cultured until midgastrulation, when they were assayed for MAPK activity. MAPK activity is Ϸ5-fold higher in midgastrula ectoderm overexpressing noggin (nog) than in control ectoderm (LacZ) at this stage. The induction of anterior neural-gene expression in ectoderm overexpressing noggin was confirmed by RT-PCR. The assay for Xbra provides a way to detect mesoderm, whereas EF-1␣ serves as an indicator of RNA recovery and the presence of genomic DNA. Additional experiments confirmed a role for MAPK in FGF-mediated neural induction. Animal cap ectoderm was isolated from midblastula embryos that had been microinjected with 4 ng of MKP-1 or ⌬P-MKP-1 mRNA. Animal cap isolates were held in VLCMR until stage 10.5 (early midgastrula), when they were treated with 150 ng͞ml Xenopus FGF. MAPK assays were performed after 1 hr (Fig. 4A) ; the remaining isolates were collected for RT-PCR when controls reached the mid-late neurula stage (Fig. 4B) . MAPK activity in mixed lysates of FGF-treated ectoderm expressing MKP-1 or ⌬P-MKP-1 was 14% higher than the mean MAPK activity of the individual lysates (data not shown). FGF induced expression of otx2, NCAM, and Hox B9 in ectoderm expressing ⌬P-MKP-1. In FGF-treated ectoderm overexpressing MKP-1, however, otx2 expression was clearly reduced, and neither NCAM nor Hox B9 was detectable.
To determine whether the initial steps in FGF-mediated neural induction require protein synthesis, animal caps were isolated from midblastula embryos, treated for 1 hr at stage 11 with 150 ng͞ml FGF Ϯ 5 g͞ml cycloheximide, and collected for MAPK assays (Fig. 4C ) and RT-PCR (Fig. 4D) . MAPK activity in ectoderm treated with FGF plus cycloheximide was 80% that of ectoderm treated with FGF alone. The dramatic up-regulation of otx2 in response to FGF was largely unaffected by cycloheximide, indicating that protein synthesis is not required for the initiation of FGF-mediated neural induction.
We examined the effects of MKP overexpression on neural specification in ectoderm overexpressing noggin. Animal caps from embryos coinjected with noggin and either MKP-1 or ⌬P-MKP-1 mRNA were assayed for MAPK activity at stage 11 and for neurectoderm-specific gene expression at stage 13. MKP overexpresssion leads to a significant reduction in the MAPK activity of ectoderm expressing noggin (Fig. 5A) . MAPK activity in combined lysates of ectoderm expressing noggin and either MKP-1 or ⌬P-MKP-1 was within 5% of the mean MAPK activity of the individual lysates (data not shown). Overexpression of noggin and MKP-1 did not block the expression of anterior neural genes or the repression of epidermal keratin (Fig. 5B) .
To determine whether MAPK activity quantitatively regulates anteroposterior pattern, animal caps were treated with 0.15-150 ng͞ml Xenopus FGF at the early-midgastrula stage. MAPK activity was assessed 1 hr later (stage 11.5; Fig. 6A ), and neurectoderm-specific gene expression was evaluated when controls reached stage 24 (Fig. 6B) . Ectodermal isolates treated with 15 or 150 ng͞ml FGF exhibited maximal levels of MAPK activity, a 4-fold increase over untreated controls. Whereas NCAM and otx2 were expressed in all FGF-treated isolates, Hox B9 was easily detected only in isolates treated with 15 or 150 ng͞ml FGF. Although the threshold FGF concentration for activation of Hox B9 lies between 1.5 and 15 ng͞ml, there was no significant difference in the MAPK activity at these concentrations. Moreover, the maximal MAPK activation was lower than that observed in midgastrula neural ectoderm or noggin-expressing ectoderm. This result suggests that the quantitative regulation of posterior neural fate in response to FGF does not occur via quantitative changes in the level of MAPK activity.
DISCUSSION
Our results indicate that a MAPK family member participates in neural specification during gastrulation. First, MAPK activity is elevated 5-fold in midgastrula neural ectoderm or noggin-overexpressing ectoderm in comparison with isolated uninduced ectoderm. Second, an increase in MAPK activity accompanies the activation of neurectoderm-specific gene expression in FGF-treated ectoderm. Third, overexpression of MKP-1 prevents the initiation of neurectoderm-specific gene expression in response to endogenous inductive signals or FGF. Although overexpression of MKP-1 had previously been shown to cause a wide range of abnormalities including defects in eye development (38) , our findings specifically implicate MAPK or the related Jun N-terminal kinase in the response to neural induction.
In contrast, MKP-1 does not prevent anterior neural gene expression in ectoderm overexpressing noggin. This latter result has two implications. First, an increase in MAPK activity is not required to initiate anterior neural gene expression, although it may act to stabilize this transcriptional activation. Neural genes are not expressed in ectoderm expressing noggin or XFD after culture to postneurula stages (23) . Second, MAPK may not be required for the initiation of anterior neural development under conditions in which the BMP-4 signaling pathway is already down-regulated, because mRNAmediated overexpression of noggin should result in a precocious accumulation of noggin protein, inhibiting BMP-4. This parallels an earlier finding that disruption of FGF signaling affects the response to noggin more severely when noggin expression is delayed until after the midblastula transition (23) . Previous studies have suggested that the establishment of posterior neural pattern occurs via quantitative increases in an unidentified regulator (41) . Although retinoids (42, 43) and wnt 3a (44) have been implicated in the posterior regionalization of induced neural tissue, only FGF has been shown to act as both a direct neural inducer (19) and a posterior regionalizing factor (20) (21) (22) . MAPK is a major transducer of signaling through the FGF receptor (26, 27) , suggesting the hypothesis that FGF could elicit posterior regionalization via incremental increases in MAPK activity. Our results are inconsistent with this hypothesis for two reasons. First, the threshold FGF concentration that induces posterior neural gene expression does not elicit a greater increase in MAPK activity than that produced by subthreshold concentrations of FGF. Second, the increase in MAPK activity observed in response to overexpression of the anterior neural inducer noggin is greater than that occurring in response to FGF. Thus, although MAPK may participate in the establishment of posterior neural fate, it does not do so via incremental increases in activity that lead to increasingly posterior identities. Posterior regional identity may emerge via modulations in the duration of MAPK activation rather than the level of activity. Alternatively, downstream effectors other than MAPK may be responsible for the quantitative regulation of posterior neural fate in response to FGF.
The MAPK pathway is essential for the establishment of mesoderm in Xenopus. MAPK activity is strongly up-regulated in response to endogenous mesoderm-inducing signals (45) . Expression of a constitutively active MEK leads to expression of the mesoderm-specific gene xbra (38, 46, 47) . Overexpression of dominant-negative Ras, raf, or MEK blocks mesoderm induction by growth factors (48-50) . Finally, overexpression of MKP-1 prevents expression of xbra in response to growth factors and disrupts posterior axial development (38, 46, 47) . Although MAPK may regulate transcriptional activation of mesoderm-specific genes, it may also act to modulate BMP-4 signaling within the marginal zone. Finally, our result that noggin overexpression leads to an elevation of MAPK activity suggests that MAPK is inhibited by signaling through the BMP-4 receptor. Transforming growth factor-␤-family signaling pathways have been shown to regulate the MAPK signaling cascade in both positive and negative ways (51) (52) (53) .
Because MAPK disrupts BMP-4 signaling by inhibiting the nuclear translocation of Smad1, our results lead to the speculation that the BMP-4 and MAPK pathways are mutually antagonistic in gastrula ectoderm. This antagonism could serve as a precondition for positive feedback during neural specification: an initial disruption in BMP-4 signaling caused by sequestration of BMP-4 by extracellular BMP-4 antagonists would lead to a rise in MAPK activity, which in turn further blocks BMP-4 signaling via its effects on Smad1. This antagonistic relationship between the signaling pathways could underlie many instances in which FGFs and BMPs have opposite effects in embryonic tissues, such as the positioning of tooth primordia (54) or the control of cell proliferation in the progress zone of the developing limb bud (55) .
